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ABSTRACT 
C h i l l e d  wate r  systems a r e  one of  t h e  major energy consumers i n  i n d u s t r i a l ,  commercial,  and i n s t i t u t i o n a l  
complexes. The c e n t r a l i z a t i o n  of  c h i l l e d  wate r  systems h a s  c o n s i d e r a b l e  advantages ,  namely: s i m p l i f i e d  con- 
t r o l s ,  t h e  i n s t a l l e d  c a p a c i t y  i s  reduced due t o  d i v e r s i t y ,  c o n s o l i d a t e d  maintenance and o p e r a t i o n ,  e t c .  With 
c h i l l e d  wate r  systems,  t h e  fo l lowing  a r e a s  p r e s e n t  p o t e n t i a l  energy and c o s t  sav ings :  
Chi l l ed  Water Reset  
Condenser Water Rese t  
Sequencing of t h e  C h i l l e r s  
C h i l l e d  Water S t o r a g e  
Var iab le  C h i l l e d  Water Pumping 
t h i s  paper t h e  f e a s i b i l i t y  a s p e c t  of each of t h e  above i tems w i l l  be d i scussed .  
CHILLED WATER 
--
DISCUSSION 
C h i l l e d  wate r  systems a r e  
RESET 
s e l e c t e d  f o r  f u l l -  
load  design c o n d i t i o n s  t h a t  a r e  r e p r e s e n t e d  by a  
pre-determined wate r  temperature t o  t h e  c o i l  and 
temperature r i s e  a c r o s s  t h e  c o i l .  These c o n d i t i o n s  
do no t  occur  t h e  m a j o r i t y  of t h e  time. During l o a d s  
l e s s  than f u l l - l o a d  c o n d i t i o n s ,  a  h i g h e r  c h i l l e d  
wate r  supply would meet t h e  system requirements .  
The c h i l l e r  e f f i c i e n c y  can be  i n c r e a s e d  by 
r a i s i n g  t h e  r e t u r n  c h i l l e d  wate r  temperature.  T h i s  
is  i n d i c a t e d  i n  F i g u r e  1. For  each  OF r i s e  i n  
c h i l l e d  water  supply  tempera ture ,  t h e r e  is a n  in-  
c r e a s e  o f  1 t o  1.52 i n  c o e f f i c i e n t  of  performance 
(COP). Even f o r  t h e  same tempera ture  d i f f e r e n c e  
( 1 0 ' ~  between supply  and r e t u r n  wate r )  t h e  power 
consumption is cons iderab ly  l e s s  f o r  a  c h i l l e r  w i t h  
a  range of  58OF t o  48OF than f o r  a c h i l l e r  w i t h  a 
5 4 ' ~  t o  44OF range. 
A s  i n d i c a t e d  i n  F igure  1, t h e  c o e f f i c i e n t  of  
perfotmance v a r i e s  wi th  t h e  t y p e  o f  c h i l l e r .  The 
screw type c h i l l e r  has  t h e  g r e a t e s t  i n c r e a s e  i n  COP 
whi le  t h e  a b s o r p t i o n  c h i l l e r  h a s  t h e  l e a s t  i n c r e a s e  
Using Return Water Temperature 
(F igure  3). T h i s  method i s  based on t h e  as-  
sumption t h a t  lower r e t u r n  wate r  t empera ture  i n d i -  
c a t e s  a  reduced c o o l i n g  load .  T h i s  is  o n l y  t r u e  i f  
t h e  system i s  a  c o n s t a n t  f low type  ( i . e . ,  us ing  
three-way c o n t r o l  v a l v e s ) .  A two-way c o n t r o l  v a l v e  
o r  v a r i a b l e  flow system reduces  i t s  f low a s  t h e  load  
drops ;  hence,  r e t u r n  w a t e r  t empera ture  w i l l  no t  in-  
d i c a t e  a c t u a l  load  c o n d i t i o n s .  This  r e t u r n  wate r  
t empera ture  method of c o n t r o l  is l e s s  d e s i r a b l e ,  
s i n c e ,  even i n  a cons tan t - f low system, c e r t a i n  a r e a s  
may be a t  f u l l  load  whereas o t h e r s  may be a t  v e r y  
low load. Thus, i n c r e a s i n g  t h e  supply  wate r  temper- 
a t u r e  based on average  r e t u r n  w a t e r  t empera ture  w i l l  
no t  s a t i s f y  t h e  f u l l - l o a d  a r e a s .  
Through Outs ide  A i r  Temperature 
By e v a l u a t i n g  t h e  e n t h a l p y  of o u t s i d e  a i r  and 
en tha lpy  of des ign  c o n d i t i o n s ,  t h e  c h i l l e d  wate r  
supply  tempera ture  can be v a r i e d  p r o p o r t i o n a l l y .  
Cost  Savings 
Energy Saving (kWh/Year) . 
= C h i l l e r  Average Load ( t o n s )  x Opera t ing  
Hours x Average kW/ton x Saving (%) 
p e r  Degree Rese t  x Number of Degrees 
Rese t  
Table  1 shows t h e  method of c a l c u l a t i n g :  
- C h i l l e r  average  load .  
- Opera t ing  hours .  
- Average kW/ton. 
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CONDENSER WATER RESET 
---- 
DISCUSSION 
Cooling towers i n  t h e  p a s t  have been designed 
t o  main ta in  a  c o n s t a n t  supply wate r  temperature t o  
t h e  condenser (approximately 85OFf). The reasons  
were t h a t  c h i l l e r s  a r e  e a s i e r  t o  c o n t r o l  wi th  a  
condenser wate r  temperature of around 85OFf and 
t h a t  a  s a v i n g s  i n  fan  horsepower r e s u l t s .  
Recent s t u d i e s  have i n d i c a t e d  t h a t  modern c h i l -  
l e r s  can t o l e r a t e  a  cons iderab le  v a r i a t i o n  of con- 
denser  water  temperature.  T h i s  temperature is  es-  
t a b l i s h e d  by t h e  ambient wet bu lb  temperature p l u s  
wet bulb approach. Normally, approach v a r i e s  
between 5  t o  10°F. Thus, a s  t h e  ambient wet bu lb  
temperature d rops ,  t h e  condenser  wate r  temperature 
can drop. An i n c r e a s e  i n  e f f i c i e n c y  of a  c e n t r i f u -  
g a l  c h i l l e r  can be approximately 1% p e r  degree  drop 
i n  condenser wate r  temperature (F igure  4 ) .  Th is  
more than compensates f o r  any a d d i t i o n a l  f a n  horse-  
power r e q u i r e d  f o r  cont inuous o p e r a t i o n  of t h e  fans .  
METHOD OF IMPLEMENTATION 
(Figure  5 ) .  Condenser supply  wate r  temperature 
can be c o n t r o l l e d  through ambient wet bu lb  tempera- 
t u r e  p lus  t h e  tower approach va lue .  However, t h i s  
method h a s  a  drawback due t o  d i f f i c u l t y  i n  main- 
t a i n i n g  t h e  accuracy of  t h e  wet bu lb  s i g n a l .  T h i s  
drawback can be e l imina ted  by use o f  two outdoor 
s e n s o r s ,  namely, d ry  bu lb  and dew p o i n t ,  which can 
be combined t o  d e r i v e  an ou tdoor  wet bu lb  tempera- 
tu re .  T h i s  temperature v a l u e  can then  be used t o  
r e s e t  t h e  condenser wate r  temperature.  
RESET CONDENSER WATER TEMPERATURE 
C a l c u l a t i o n s  
Energy Savings. 
= Average t o a d  ( t o n s )  x x Opera t ing  
ton  
Hours x Percen t  Power Reduction 
Where: 
Percen t  Power Reduction 
= (Design Condenser Water Temperature - 
Average Condenser Water Temperature) 
x Percen t  Power Reduction 
Table 1 shows t h e  method of  c a l c u  
- Average load.  
- Operat ing hours. 
- Average kW/ton. 
Table 2 shows t h e  method of  c a l c u  
p e r  Degree 
a t i n g :  
a t i n g :  
- Average condenser wate r  temperature.  
SEQUENCING OF THE CHILLERS 
DISCUSSION 
Both c e n t r i f u g a l  and a b s o r p t i o n  c h i l l e r s  oper- 
a t e  most e f f i c i e n t l y  i n  t h e  middle t o  upper range 
8  4 
of t h e i r  deslgn c a p a c i t y .  
A s  l o a d s  i n c r e a s e  o r  d e c r e a s e  i n  a  c e n t r a l  sys-  
tem, t h e  number of c h i l l e r s  o p e r a t e d  and (where pos- 
s i b l e )  t h e  s i z e  of  c h i l l e r ( s )  used should he s e l e c t -  
ed t o  maximize t o t a l  c h i l l e r  e f f i c i e n c y .  This  can 
be done manually, u s i n g  a  p r e s c r i b e d  o p e r a t i n g  pro- 
cedure f o r  each load  l e v e l ,  o r  through au tomat ic  
c o n t r o l s .  
The system c o n f i g u r a t i o n  p l a y s  an important  
r o l e  i n  e s t a b l i s h i n g  t h e  economics of  sequencing. 
For  example, sequencing of c h i l l e r s  i n  s e r i e s  w i l l  
be  economical ly more f e a s i b l e  than c h i l l e r s  i n  par- 
a l l e l  f o r  t h e  s imple  reason  t h a t  no a d d i t i o n a l  pumps 
have t o  o p e r a t e  f o r  m u l t i p l e  c h i l l e r s .  Also, p r i -  
mary/secondary pumping systems a r e  a  good opportuni-  
t y  f o r  sequencing s i n c e  t h e  pr imary pumps which a r e  
i n t e r l o c k e d  w i t h  t h e  c h i l l e r s  a r e  u s u a l l y  smal l  i n  
s i z e .  
F igures  6 and 7 show t h e  o p e r a t i o n  of t h r e e  
c h i l l e r s  of a  c h i l l e r  p l a n t  of  a n  i n d u s t r i a l  complex 
and Table 3 shows method of c a l c u l a t i n g  t h e  sav ings .  
CHILLED WATER STORAGE 
--- 
DISCUSSION 
A c o n v ~ ! n t i o n a l  c h i l l e d  wate r  system produces 
c h i l l e d  wate r .  a s  r e q u i r e d ,  t o  meet t h e  b u i l d i n g  
load .  I n  most p a r t s  of  t h e  count ry ,  a  s u b s t a n t i a l  
p e n a l t y  charge is l e v i e d  on e l e c t r i c i t y  consumed 
dur ing  d a y t h e  per iods .  The purpose i n  a  c h i l l e d  
wate r  storag:e system i s  t o  a l l o w  a  s u r p l u s  of 
c h i l l e d  wate r  t o  be  produced and s t o r e d ,  dur ing  
p e r i o d s  when no p e n a l t y  c l a u s e  i s  i n  e f f e c t ,  f o r  use 
dur ing  on-peak p e r i o d s .  
An impor tan t  f a c t o r  i n  de te rmin ing  t h e  f e a s i -  
b i l i t y  of  a  c h i l l e d  wate r  s t o r a g e  system is t h e  
b u i l d i n g ' s  coo l ing  load  p r o f i l e .  A p r o f i l e  wi th  a  
marked d i f h r e n c e  between on-peak and off-peak l o a d s  
i s  more a p p r o p r i a t e  f o r  s t o r a g e  than  a  p r o f i l e  t h a t  
i s  re1ative:Ly l e v e l .  The "peak/val leyl '  type p r o f i l e  
a l lows  chi1:lers t h a t  a r e  normally a t  low load  o r  
i d l e  d u r i n g  t h e  n i g h t  t o  o p e r a t e  a t  n e a r  c a p a c i t y  
and s t o r e  s u r p l u s  c h i l l e d  wate r .  The s t o r e d  c h i l l e d  
wate r  i s  then used dur ing  on-peak hours  t o  minimize 
t h e  load  seen  by t h e  c h i l l e r s .  
ANALY SI  S 
The a n a l y s i s  oE c h i l l e d  wate r  s t o r a g e  must be- 
g i n  w i t h  th~:  e s t a b l i s h m e n t  of  a  b u i l d i n g  cool ing  
load  p r o f i l e  (F igure  8) .  Using t h e  a r e a  under t h e  
curve  dur ing  on-peak and off-peak hours  and t h e  
maximum c h i l l e r  c a p a c i t y ,  p o s s i b l e  s t o r a g e  o p e r a t i n g  
modes can be e s t a b l i s h e d  (F igures  9 and 10) .  The 
s t o r a g e  t a n k ( s )  w i l l  b e  s i z e d  t o  f i t  t h e  p roper  
o p e r a t i n g  mode. S torage  tank  c o n f i g u r a t i o n  i s  an- 
o t h e r  v a r i a b l e  t h a t  i s  s p e c i f i c  t o  each a p p l i c a t i o n .  
The number of  s t o r a g e  tanks  i n s t a l l e d  p r e s e n t s  a  
t rade-of f :  t h e  more t a n k s ,  t h e  s m a l l e r  t h e  g r o s s  
c a p a c i t y  r e q u i r e d  and t h e  b e t t e r  t h e  s e p a r a t i o n  
between sup3ly  and r e t u r n  wate r ;  wi th  more tanks ,  
however, t h e  l a r g e r  t h e  s u r f a c e  a r e a  t o  volume r a t i o  
and t h e  h ig ' l e r  t h e  t ank  c o s t .  
COST SAVINGS 
The p o t e n t i a l  c o s t  s a v i n g s  from c h i l l e d  wate r  
s t o r a g e  i s  4 f u n c t i o n  o f  t h e  l o c a l  e l e c t r i c  r a t e  
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s t r u c t u r e .  I n  o r d e r  t o  c a l c u l a t e  t h e  p o t e n t i a l  
s a v t n ~ s ,  t h e  l o c a l  e l e c t r i c  c o n t r a c t  must be  
thoroughly analyzed.  The i t ems  of  most s i g n i f i -  
cance a r e  t i m e  of day consumption r a t e s ,  t ime of  
day demand charges ,  and t h e  demand r a t c h e t  c l a u s e .  
With a  t y p i c a l  12-month r a t c h e t  c l a u s e ,  a  peak 
month reduc t ion  i n  on-peak demand can reduce a s  
many a s  12 monthly e l e c t r i c  b i l l s .  C h i l l e d  wate r  
s t o r a g e  w i l l  a f f e c t  on-peak demand by minimizing 
c h i l l e r  requirements  dur ing  on-peak hours .  A so- 
p h i s t i c a t e d  c o n t r o l  system wi th  demand l i m i t i n g  
c a p a b i l i t i e s  w i l l  be r e q u i r e d  wi th  t h e  system t o  
monitor and main ta in  an a c c e p t a b l e  demand l e v e l .  
S ince  any demand peak above t h e  a s c r i b e d  l i m i t  w i l l  
i n c r e a s e  t h e  demand charge f o r  t h e  ensuing 12 
months, t h e  r o l e  of  t h e s e  c o n t r o l s  is a  c r u c i a l  one. 
Another component a 1  t h e  e l e c t r i c  r a t e  schedule  
t h a t  can be e x p l o i t e d  w i t h  a  c h i l l e d  wate r  s t o r a g e  
system is time of day consumption charges .  I n  some 
a r e a s  of  t h e  country.  a ki lowatt-hour  of e l e c t r i c i t y  
i s  more expensive dur ing  "on-peak1' hours  than o f f -  
peak hours. This  p r e s e n t s  a n o t h e r  p o t e n t i a l  s a v i n g s  
from off-peak g e n e r a t i o n  and c h i l l e d  wate r  s t o r a g e .  
SUMMARY 
It is impor tan t  t o  n o t e  t h a t  c h i l l e d  wate r  
s t o r a g e ,  which i s  a  c o s t  s a v i n g  o p p o r t u n i t y .  must 
be completely analyzed f o r  every  a p p l i c a t i o n .  Very 
few g e n e r a l i z a t i o n s  can be made r e g a r d i n g  t h e s e  
systems. Too much depends on system s i z e ,  type,  
load p r o f i l e .  and l o c a l  e l e c t r i c  r a t e s  t o  d e f i n e  
any " r u l e s  of thumb." 
VARIABLE VOLUME PUMPING 
DISCUSSION 
A s i g n i f i c a n t  energy and c o s t  s a v i n g s  c a n  be  
r e a l i z e d  by t h e  i n s t a l l a t i o n  of  v a r i a b l e  speed pump 
dr ives .  Standard c e n t r i f u g a l  pumps provide n e a r l y  
t h e  same flow under n l l  load c o n d i t i o n s .  Essen- 
t i a l l y  a31 c h i l l e d  wate r  i n  e x c e s s  of  t h a t  r e q u i r e d  
t o  meet t h e  load is  be ing  pumped u n n e c e s s a r i l y  
through a bypass system. I f  t h e  c h i l l e d  water  
system u t i l i z e s  three-way v a l v e  c o n t r o l ,  t h i s  by- 
o a s s  occurs  a t  t h e  three-way va lve .  I f  t h e  system 
ly two-way v a l v e s ,  t h e  bypass  occurs  be- 
iupply and r e t u r n  l i n e s ,  u s u a l l y  n e a r  t h e  
: e r  pump. 
d e  volume pumping a l lows  t h e  e l i m i n a t i o n  
ISS by supply ing  o n l y  enough c h i l l e d  
!e t  t h e  c o o l i n g  load .  One requirement  
) l e  volume system i s  t h a t  c o n t r o l  be pro- 
two-way va lves .  I f  the  e x i s t i n g  system 
tree-way v a l v e s ,  a  complete replacement  
11d be r e q u i r e d .  
Iergy s a v i n g s  r e s u l t i n g  from v a r i a b l e  
) ing  come d i r e c t l y  from reducing e l e c t r i c  
~mption.  I n s t a l l i n g  var iab le -speed  
!ach pump motor makes t h i s  p o s s i b l e .  
leed d r i v e  types  i n c l u d e ,  bu t  a r e  n o t  
t h e  fo l lowing  : 
By c o n t r o l l i n g  motor speed,  o n l y  t h e  requ i red  
q u a n t i t i e s  of  c h i l l e d  wate r  e r e  c i r c u l a t e d .  Thc 
r e q u i r e d  c h i l l e d  water  q u a n t i t y  i s  a f u n c t i o n  of t h e  
t o t a l  head seen  by t h e  pump (F igure  1 1 ) .  Monitoring 
t h i s  p r e s s u r e  w i t h  a micro-processor  based c o n t r o l  
system a l l o w s  a  speed c o n t r o l  s i g n a l  t o  b e  gener- 
a t e d .  Opera t ing  t h e  pump a t  p a r t i a l  l o a d ,  though 
somewhat less e f f i c i e n t  than  a t  f u l l  l o a d ,  s t i l l  
p r o v i d e s  a s u b s t a n t i a l  energy s a v i n g s  o v e r  100% 
f u l l - l o a d  o p e r a t i o n .  
CALCULATIONS 
Pump Energy Consumption: 
H = T o t a l  Head ( f t )  
= Flow (GPM) 
- E f f i c i e n c y  
E  = Energy Consumed (kW) 
T h i s  e q u a t i o n  r e p r e s e n t s  pump energy consumed 
d u r i n g  one o p e r a t i n g  hour .  
COST SAVINGS 
The kW c a l c u l a t e d  above is then r e f e r r e d  t o  
Table  4 which i n d i c a t e s  t h e  s a v i n g s  p e r  y e a r  i n  
d o l l a r s .  
SUMMARY 
As discussed .  a l l  of t h e  above f f v e  a r e a s  can 
save  c o n ~ i d e r a b l e  energy. Hence, i t  is v e r y  im- 
p o r t a n t  t h a t  each of  t h e  above i t e m s  be  e v a l u a t e d  
i n  d e t a i l  f o r  bo th  e x i s t i n g  and new c e n t r a l  c h i l l e d  
wate r  p l a n t s .  
~ r i a b l e  v o l t a g e .  
Idy c u r r e n t  c lu tch .  
r d r a u l i c  c l u t c h .  
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Figure 1 E f fec t  o f  C h i l l e d  Water on C h i l l e r  
Coe f f i c i en t  o f  Performance Figure 2 Ch i l l ed  Water Reset from Space 
Figure 3 Chi 1 l e d  Water Reset from Return Water 
Temperature 
10. sm 
Reduction In condensing Iempernture 
Figure 4 E f f e c t  o f  Condenser Temperature on 
Chi 1 l e r  Coe f f i c i en t  o f  Performance 
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IA0LE-z 
OF PVFRAGF YET Rll lE T F R F m w F  '5 
(1) (2) 
WET BULB OCCURANCE DEGREE HR 
IEBmma 0 = (1) t2) 
81 6 486 
80 24 1,920 
.79 156 12,324 
78 309 24,102 
77 441 33,957 
76 965 35,340 
75 986 36.450 
74 417 30,858 
73 345 25,185 
72 387 27,864 
75 399 28,329 
70 408 28.560 
69 309 21,321 
68 288 19,584 
67 180 12,060 
66 156 10,296 
65 171 11,115 
64 186 11.904 
63 195 12,285 
62 123 7,626 
61 125 7,625 
60 132 7,920 
59 141 8,319 
58 168 9,744 
57 132 7,524 
56 93 5,208 
55 _1PS 5.940 
6,350 443,846 
Figure 5 Condenser Water Reset Thru Wet Bulb Temperature 
Figure 6 Sequencing o f  C h i l l e r s  
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FIGURE 7 CHILLED WATER SYSTEM OPERATING PROFILE 
~ I C L - O W ~ ~ ~  --lnlemh-on-Paah -1nlerm.4 
Period P * t M  Perlod Pmtlod 
gure 8 Chilled Water Storage Systems Tim* 01 Day 
Figure 9 C h i l l e d  Water Storage Systems 
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I )  
LOAD 
RANGE 
LInwdUm 
1.0 - 2.0 
2.0 - 2.2 
2.2 - 2.4 
2.4 - 2.6 
2.6 - 2.8 
2.8 - 3.0 
~ U T O T A L  
3.4 - 3.6 
3.6 - 3 .8  
3.8 - 4.0 
4.0 - 4.2 
4.2 - 4.4 
4.4 - 4.6 
4.6 - 4.8 
4.8 - 5.0 
5.0 - 5.2 
5.2 - 5.4 
5.4 - 5.6 
5.6 - 5.8 
5.8 - 6.0 
Susrora~  
GRAND TOTAL 
(2) 
HR/YR 
Low 
E r r .  
QeEb 
12 
4 
12 
24 
100 
132 
8 
4 
24 
24 
60 
60 
64 
170 
96 
112 
124 
180 
168 
IA6l.U 
TANT VS . V w l  E PUMPl& 
X ACTUAL 
FULL LOAD POWER OPERATING 
~m~ 
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Figure 10 Chi1 led  Water Storage Systems 
100% -- 
*OH.. 
am -- 
low .. 
10% -- 
YO* -- 
Y RPM 
Flgure 11 Pump Performance Curves 
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